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Profuse evolutionary diversification and ® e
speciation on volcanic islands: transposon
instability and amplification bursts explain

the genetic paradox

Elysse M. Craddock

Abstract

Background: Species-rich adaptive radiations arising from rare plant and animal colonizers are common on remote
volcanic archipelagoes. However, they present a paradox. The severe genetic bottleneck of founder events and
effects of inbreeding depression, coupled with the inherently stressful volcanic environment, would seem to predict
reduced evolutionary potential and increased risk of extinction, rather than rapid adaptive divergence and
speciation. Significantly, eukaryotic genomes harbor many families of transposable elements (TEs) that are
mobilized by genome shock; these elements may be the primary drivers of genetic reorganization and
speciation on volcanic islands.

Presentation of the hypothesis: Here | propose that a central factor in the spectacular radiation and
diversification of the endemic Hawaiian Drosophila and other terrestrial lineages on the Hawaiian and other
oceanic islands has been repeated bursts of transposition of multiple TEs induced by the unique ecological
features of volcanic habitats. Founder individuals and populations on remote volcanic islands experience
significant levels of physiological and genomic stress as a consequence of both biotic and abiotic factors. This
results in disruption of the usual epigenetic suppression of TEs, unleashing them to proliferate and spread,
which in turn gives rise to novel genetic variation and remodels genomic regulatory circuits, facilitating rapid
morphological, ecological and behavioral change, and adaptive radiation.

Testing the hypothesis: To obtain empirical support for the hypothesis, test organisms should be exposed
to prolonged heat stress, high levels of carbon dioxide and other volcanic gases, along with inbreeding. Data
from subsequent whole genome sequencing and bioinformatics screening for TE numbers and locations
would then be compared with initial pre-exposure TE information for the test strains, a labor-intensive project.
Several predicted outcomes arising from the hypothesis are discussed. Currently available data are consistent
with the proposed concept of stress-induced TE mobilization as a trigger of evolutionary diversification and
speciation on volcanic islands.
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Implications of the hypothesis: The main implication is that both TEs and species should proliferate at a
much higher rate on volcanic islands than elsewhere. Second, the evolvability of a lineage may correlate with
the abundance and distribution of TEs in the genome. Successful colonizers of volcanic habitats with high
genomic proportions of TEs may be best poised to found a speciose lineage that gives rise to a dramatic
adaptive radiation. Colonizers that are depauperate in TEs are likely to be evolutionarily constrained and

diversify little, if at all.

Reviewers: This article was reviewed by Dr. James Shapiro and Dr. Wolfgang Miller (nominated by Editorial
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Background

The terrestrial biotas of islands have featured promin-
ently in studies of evolutionary diversification from
Darwin’s time onwards [1-5]. Volcanic island archipela-
goes have been of particular interest, as they harbor a
disproportionately high level of biodiversity, much of
which has evolved in situ from a small number of ori-
ginal trans-oceanic colonizers [6]. Adaptive radiations are
common on remote archipelagoes such as the Hawaiian
[7-13] and Galdpagos [2, 14] Islands (and even on less re-
mote archipelagoes such as the Canary Islands [15, 16]),
but present a paradox. Given the depauperate genetic
foundations of the many documented monophyletic line-
ages, the evolutionary outcomes are nothing short of as-
tounding. For example, despite being the most isolated
archipelago on earth (>3,200 km from the nearest land
mass), Hawaii hosts the largest and most diverse plant
clade of any oceanic island or archipelago, namely, the en-
demic Hawaiian lobeliads (6 genera, 126 species) derived
from a single colonization event ~13 Mya [17]. Further,
among Hawaiian invertebrates, there are many extraordin-
ary endemic radiations [see 7, 10—-12 for reviews]. One of
the more impressive is that of the endemic Hawaiian moth
genus Hyposmocoma which has >400 species derived from
one ancestor ~15 Mya [18]. These species inhabit a vast
array of ecological niches [18, 19], including aquatic
zones occupied by truly amphibious caterpillars [20].
Another spectacular example is the endemic Hawaiian
drosophilids, comprising an estimated 1,000 diverse
species (in 2 genera), that originated from a single
founder ~ 25 Mya [21, 22]. How did genomes of the
founding individuals give rise to so much morpho-
logical, ecological and behavioral divergence? What
genetic mechanism might have driven the explosive
evolution and rapid speciation of so many plant and
animal lineages in Hawaii, and in other geologically
young volcanic islands such as the Galapagos?

The astonishing level of diversity in the Hawaiian dro-
sophilid fauna was noted as early as 1913 [23], raising
the question “Why are there so many species of
Hawaiian Drosophila?” [24—26]. Decades of field and lab
study of these extraordinary flies have expanded the per-
ceived size of the fauna from early estimates of 300 spe-
cies [24] to the current estimate of ~1,000 species [27]
and still, a few new species continue to be discovered,
even in well characterized groups such as the picture
wings [28]. The question of why there are so many spe-
cies has thus become even more pressing. Over the
years, founder effects [29-32], ecological opportunity
and adaptation [33-37], and behavioral shifts in the
mate recognition system [38, 39], - involving processes
of genetic drift, natural selection, and sexual selection,
respectively - have each been emphasized as playing
dominant roles in the evolution of this fauna. While cer-
tainly crucial factors in the diversification of many faunal
groups in Hawaii, their complex interactions and indi-
vidual causal roles in the speciation process remain am-
biguous. Clearly, founder events have played a pivotal
role in the proliferation of both plant and animal species
in Hawaii [11, 17, 18, 29]. Further, the topographic com-
plexity and habitat diversity of the Hawaiian Islands pre-
sented founder populations with many vacant niches to
exploit. For example, availability of many endemic plant
resources in the montane forests seems to have been crit-
ical in facilitating the high level of host plant specialization
and speciation in the Hawaiian drosophilids [33-37], sug-
gesting a primary mode of ecological speciation in the
adaptive radiation of these flies [40]. Likewise, habitat
heterogeneity and ecological opportunity have been
posited as the primary driver of species diversification
in many lineages of Hawaiian plants [8, 13] and in-
vertebrates [7, 18-20, 22, 41], as well as more gener-
ally in species-rich clades in both continental and
island situations [14, 42-44]. But while ecological
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opportunity does normally seem to be a prerequisite
for adaptive radiation, it is by no means sufficient
[45]. Moreover, critical questions remain about the
processes that might link ecological opportunity to
speciation and adaptive radiation [46]. Thus a clear-
cut answer to why, and importantly, how, so many
species have arisen in the innumerable cases of adap-
tive radiation on islands remains unsatisfactory. At
the crux of this perplexing problem is the lack of a
unifying explanation as to how the restricted gene
pool of the few rare colonizers (both original foun-
ders from distant continents, and individual interis-
land and intraisland colonizers) could have repeatedly
generated so much genetic variation so rapidly, pro-
viding the raw material for the observed evolutionary
diversification.

Associated with the theory of founder effect speciation
is Mayr’s concept of a genetic revolution [47] and
Carson’s proposal of a genetic reorganization of poly-
genic balances and coadapted gene complexes [48, 49]
triggered by the founder event. What this actually entails
at the level of the genome has remained obscure and
controversial. The several founder effect models [30, 31,
47-49] were heavily criticized by Barton and Charles-
worth [50], who failed to find strong support for a major
role of founder effects in speciation, concluding (in the
then pre-genomic era) that “There are no empirical or
theoretical grounds for supposing that rapid evolution-
ary divergence usually takes place in extremely small
[founder] populations, ......... ” [see pp. 157-158 of ref. 50
for their complete conclusions]. Nonetheless, evidence
from nature continues to point to a real phenomenon.
What remains missing is a mechanism to explain why a
founder event should trigger a genetic reorganization
that apparently also expands the amount of genetic vari-
ation, thereby allowing for the production of multiple
new species that are genetically distinct from the ances-
tral species. In this paper, I propose a central role for
transposable elements, and specifically for their
mobilization in founder populations in volcanic situa-
tions, in response to the heightened genomic stress they
suffer during colonization of newly available habitats on
a still active volcano. The idea that environmental stress
may cause “genome shock,” and initiate transposon mo-
bility and subsequent genome restructuring was pio-
neered by McClintock [51]. The novel aspects of the
hypothesis presented here are that (1) repeated bursts of
transposition are induced by the unique challenges of
the dynamic volcanic environment; and (2) these trans-
position bursts are the key trigger of the genetic revolu-
tions in founder populations [47-49] that subsequently
lead to rapid speciation and adaptive radiation. Under
this scenario, the ecological release accompanying the
shift to a vacant adaptive zone (proposed in the classic
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evolutionary hypothesis of ecological opportunity [42, 43]
to explain adaptive radiations on islands), complements
the ideas presented here, playing an important sequential
rather than initiating role in the process of founder effect
speciation and adaptive radiation.

Transposable elements (TEs) are selfish genetic ele-
ments [52, 53] that are ubiquitous in eukaryotic ge-
nomes [54-56] and comprise the major component of
the interspersed repetitive DNA. They are not restricted
to euchromatin, being enriched in heterochromatic do-
mains [57] such as centromeric, pericentromeric and
telomeric regions. Their mobility and ability to replicate
independently of their host genome, using either an
RNA or DNA intermediate [58] make them dynamic
components of the genome with the potential to have
major impacts on the genomic landscape at both genic
and chromosomal levels. Effects of TE mobilization can
often be deleterious [54], as when gene function is dis-
turbed or abolished by TE insertion. Thus TEs are nor-
mally kept under tight control by various small-RNA-
based epigenetic mechanisms that silence TEs in the
germline [59—-61]. These control systems, siRNA silen-
cing in plants and fission yeast, and the piRNA silencing
pathway in animals, among others [62], appear, in fact,
to have evolved as a defense against transposon prolifer-
ation in order to protect genomes from excessive dam-
age [60, 63]. On the other hand, TE mobility can have
diverse beneficial effects on genome evolution [51, 54,
64—-66]. First and foremost, as a mutagenic factor, TE
activity can rapidly generate genetic variation, providing
abundant new raw material on which natural and sexual
selection may operate. Depending on the TE and where
it inserts, TE-induced mutations can have a great variety
of effects from subtle to macroscopic [67, 68]. Those in
regulatory regions that affect the function of promoters
and enhancers are particularly important from an evolu-
tionary point of view [69]; transcriptional networks and
patterns of gene expression can undergo both major and
minor modifications [70] and remarkably, there is abun-
dant evidence for the evolutionary origin of novel regu-
latory sequences and networks [69-71], as well as new
genes [72], from TEs. Further, ectopic recombination
between TE copies can lead to chromosomal rearrange-
ments [73] and gene (and segmental) duplications [74],
remodeling genome structure.

In insects, retrotransposons that use an RNA-
mediated mechanism of transposition (Class I) are more
abundant [75] than DNA transposons (Class II) that use
a DNA-based mechanism. Retrotransposons are also the
most common type of element in plants and frequently
comprise the major part of plant genomes [76]. Trans-
position of retrotransposons is inherently replicative, as
is the case for certain categories of DNA transposons
such as Helitrons [77]. Activity of these kinds of TEs
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thus leads to increases in TE copy numbers, and import-
antly, novel chromosomal locations in the genome. The
accumulated TEs increase the plasticity and evolvabil-
ity of their host genome [66] and set the stage for
more rapid shifts in gene regulatory networks and
genome restructuring that drive the process of speci-
ation [64, 78-80]. The multiplicity of effects of mo-
bile elements on genomes make them veritable
“engines of evolution.”

Since the seminal insights of McClintock [51], there
have been many reports [80—84] of the induction of TE
activity by various forms of stress in a range of organ-
isms including plants [85, 86] and the model organism
Drosophila melanogaster, which is known to carry repre-
sentatives of some 121-130 TE families [57, 87]. The
stressors include both biotic factors, such as inbreeding
[88, 89] and interspecific hybridization [90-92], and abi-
otic factors. Among environmental stressors is the phys-
ical factor of heat shock which has been demonstrated
to increase transposition rates of a variety of elements
by one or two orders of magnitude in diverse organisms
from yeast to flies [81-83, 93, 94]. Other physical factors
include cold shock, UV radiation and y-radiation [83].
Likewise, a variety of chemicals and toxins can induce
high levels of transposition, even if the exposure is very
brief (e.g., 1.5 min exposure to ethanol vapors!) [83]. Ex-
trinsic environmental stressors as well as a variety of cel-
lular stresses [95] trigger bursts of transposition
resulting in dramatic amplification of TE copy numbers
and generation of novel mutations, some of which may
be adaptive [68, 74, 96-98] and promote survival in the
local changed environment. A particularly notable ex-
ample is the historically high adaptive value of the mel-
anic carbonaria mutant in the peppered moth Biston
betularia, which has just recently been demonstrated to
have arisen via insertion of a large, tandemly repeated
TE into the first intron of the cortex gene [99]. It is tan-
talizing to consider whether the stress of coal pollution
accompanying onset of the Industrial Revolution in
Britain actually triggered this transposition event, esti-
mated to have happened around 1819 [99]. Regardless,
this TE-mutant, responsible for a novel phenotype,
proved highly advantageous in the rapidly changing
environment of the times, demonstrating the importance
of transposition events for subsequent microevolution,
and by extension longer-term adaptation and speciation
events.

It has been proposed that mobilization of TEs in re-
sponse to stress might be due to relaxation of the epi-
genetic control mechanisms [59]. The induced TE
mobilization would lead to a transient period of genomic
instability, corresponding perhaps to the stochastic
phase of genetic disorganization hypothesized by Carson
[48, 49] to be critical for speciation, before their activity
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is once more suppressed by silencing mechanisms,
restoring genome stability (equivalent perhaps to the
genetic reorganization phase in Carson’s hypothetical
model). The situation may involve more than just relax-
ation of the epigenetic control mechanisms [59], with
certain TEs acting as stress-responsive regulators of host
gene expression [62, 68, 82, 83, 85, 100], and the altered
transcriptional patterns perhaps permitting the organism
to survive the stressful conditions.

Presentation of the hypothesis

Founder populations in volcanic habitats are subject to
genomic stress

Herein, I propose that a key overlooked factor leading to
explosive speciation in Hawaii and on other volcanic
islands is the high level of genomic stress incurred by
founder individuals colonizing newly available habitats
on a recently formed island (or mountain) that is still
volcanically active. I hypothesize that the volcanic con-
text of the founder population (of flies, beetles, crickets,
spiders, plants, etc.) is central to the ensuing genetic
revolution and reorganization of the genome. The po-
tential role of genomic stress, and in particular the abi-
otic stress of the volcanic environment, has not
previously been considered in discussions of the speci-
ation and evolution of the endemic Hawaiian Drosophila
or any other Hawaiian faunal or floral group. The novel
hypothesis outlined here posits that the genomic stress
suffered by founding individuals and colonizing popula-
tions in habitats on a still active volcano induces
repeated bursts of TE mobilization of a variety of nor-
mally silenced transposons. This explanation combines a
crucial component of island ecology and our current un-
derstanding of evolutionary genomics of TEs to account
for the accelerated evolution and adaptive radiation of
endemic Hawaiian groups of terrestrial organisms.

In volcanic habitats, colonizing individuals and popu-
lations incur stress from both biotic and abiotic factors.
The primary biotic or population genetic contributor to
genomic stress is the extreme inbreeding associated with
founder events [30] as propagules from ancestral source
populations colonize each newly available island in an
archipelago, or volcano within a growing island [101].
The founding propagule that survived trans-oceanic
transport and arrives by chance in young volcanic ter-
rain with suitable resources for survival and breeding
could be, at an extreme, a single seed or a single fertil-
ized female insect, carrying part of the genomes of the
two parental individuals. Given the primary successional
development of forests with suitable host plant resources
on the volcanic lava, a single colonizing female insect
with a high reproductive capacity could, in a few genera-
tions, potentially establish a founder population consist-
ing of a hundred or so individuals. However, such a
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population will have lower average fitness because of in-
breeding depression [102] and is expected to have sig-
nificantly reduced heterozygosity as a result of allele
loss, similar to that demonstrated in founding popula-
tions of invasive species [103]. Further, it is unlikely that
this founder population will undergo a rapid, uninter-
rupted expansion to extremely high numbers (a popula-
tion flush) because of the instability of volcanic habitats.
Rather, because volcanic activity on a newly formed is-
land is ongoing for thousands if not hundreds of thou-
sands of years, each newly established population is
subject to frequent fragmentation by active lava flows,
along with repeated local extinctions and recolonizations
of regenerated habitat within its range [104]. In addition
to the stress of inbreeding [102], “hybridization” be-
tween genetically divergent population isolates previ-
ously separated by a lava barrier may cause additional
genomic shock. Once dense montane forest becomes
established on the barren lava, which may only require a
few hundred years in tropical habitats such as Hawaii
(http://hvo.wr.usgs.gov/volcanowatch/archive/1999/99_01
_21.html), subpopulations may make secondary contact.
The combination of different TEs and TE distributions in
the inter-population hybrids may trigger another burst of
TE instability and amplification during meiosis, com-
pounding the effects of inbreeding. Not surprisingly, ef-
fects on population genetic structure resulting from the
dynamic geological processes associated with young
Hawaiian shield volcanoes have been documented in pop-
ulations of two forest specialist species of Hawaiian Tetra-
gnatha spiders isolated by an 1855 lava flow [105], and are
pertinent to the potential for adaptive shifts and rapid evo-
lution and speciation in this and other Hawaiian taxa be-
sides the Hawaiian Drosophila.

Along with biotic stress, young evolving Hawaiian
populations in cool montane forests also suffer several
kinds of abiotic stress from their volcanic environment.
One physical factor is heat stress from adjacent lava
flows; molten lava has a temperature in excess of 700 °C.
While populations of plants and animals in the immedi-
ate path of a lava flow and adjacent to it are rapidly in-
cinerated, those somewhat further away experience
significant thermal stress. The rapid upregulation of the
heat shock genes, along with various downstream genes,
in response to heat stress is a highly conserved mechan-
ism across all organisms [106]. Even brief and quite mild
thermal stress (1 h at 25 °C, compared to 16 °C control
temperature) has been demonstrated to significantly
change the transcriptional profile in two endemic species
of Hawailan Drosophila [107]. In a range of organisms
from yeast to flies, heat shocks have been demonstrated
to also activate transposition of a variety of elements
[81-83, 94, 108]. It is pertinent that promoters of heat
shock genes have been found to be particularly
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vulnerable to TE insertions in natural populations of
Drosophila melanogaster [109—111], generating regula-
tory variation that has dramatic fitness consequences.
Even more interestingly, prolonged heat stress (>1 day)
in the plant Arabidopsis thaliana has been shown to
lead to heterochromatin decondensation, reduction in
nucleosome density throughout the genome, and transi-
ent transcriptional activation of several repetitive ele-
ments [112]. Assuming this is a conserved response, the
open chromatin configuration of genomes of plants and
insects close to volcanic lava flows would facilitate many
TE insertion events, especially in the normally highly
condensed heterochromatin. Further, nonhomologous
recombination events between heterochromatic TEs and
other repeats could lead to segmental duplications and
expansion of heterochromatic domains (as well as
deletions).

A geographically more widespread abiotic stress for
organisms in volcanic environments derives from the
chemicals in volcanic gas plumes that can be carried
many miles away from the eruption site by the prevailing
winds. Among the several gases released by Hawaiian
volcanoes (http://volcanoes.usgs.gov/hazards/gas/index.
php), the most hazardous are carbon dioxide and sulfur
dioxide (a contributor to acid rain). As of now, there are
no experimental data available on potential effects of
these and other volcanic gases on transposition; but
given the induction of transposition by very brief expos-
ure to ethanol vapors [83], it is likely that repeated or
ongoing exposures of Drosophila and other plant and
animal populations to the chemical insult of a combin-
ation of volcanic gases will induce physiological and
thereby genomic stress, particularly in meiotic cells.
Along with effects of high CO, levels on the insect heart
[113] and central nervous system [113, 114], exposed
forest insects will suffer bouts of severe hypoxia that
likely will induce oxidative stress [115]. Such high levels
of abiotic and cellular stress are likely to exacerbate the
concurrent genomic stress of inbreeding in founder and
fragmented population isolates on a volcanically active
oceanic island, the synergism among the several kinds of
stress producing a huge genomic shock and eliciting a
correspondingly massive response.

Bursts of transposition induced by genomic stress
in volcanic environments lead to genetic
reorganization and accelerated divergence and
speciation

Recurring bursts of transposition increase genetic vari-
ation in founder populations, and likely accelerate the
process of genomic reorganization and divergence that
leads to reproductive incompatibilities and evolution of
new species in volcanic habitats. They may therefore ac-
count for the striking patterns of adaptive radiation
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found on oceanic islands. Significantly, the small effect-
ive population size of initial founder populations and of
population fragments subdivided by lava flows allows for
genetic drift, and thus the fixation of newly amplified
copies of TEs [116] that accumulate as a result of trans-
positional bursts. Even if non-adaptive [117, 118], the re-
modeled genomes of the colonizing populations with
added copies of TE repeats in novel locations may facili-
tate the process of speciation. Adjacent population frag-
ments isolated by lava flows may acquire quite different
patterns of TE distribution because of independent in-
sertion events post-separation, as well as random fix-
ation of alternate sequences from an ancestral TE
insertion polymorphism, thereby initiating genetic diver-
gence among population isolates. Barring immigration
and gene flow among isolates, these subdivided popula-
tion fragments may subsequently form two or even a
cluster of incipient species from the common gene pool
of the previously established founder population, each
with a unique genome organization distinguished by the
numbers and chromosomal locations of multiple TEs
and TE families. However, it is likely that formerly allo-
patric incipient species may come into contact and inter-
breed, once suitable forest habitat becomes established
on the previously barren lava barrier that separated
them. The juxtaposition in the F1 “hybrid” individuals of
two genetically very similar genomes except for their var-
ied TE distributions and abundance may trigger another
burst of TE instability and amplification during meiosis,
which in turn may drive another round of genome re-
modeling and divergence. Further exposure to abiotic
stress of the volcanic environment as a subsequent lava
flow extinguishes part of the evolving population during
the shield-building phase of volcano growth, and also
later on, accompanied by the biotic stress of yet another
genetic bottleneck and round of inbreeding in surviving
population isolates, may induce yet another transpos-
ition burst. In this manner, the population isolates of a
species in statu nascendi are subject to repeated bottle-
necks, repeated genomic explosions of transposition,
and a very long period of genetic instability and genome
remodeling during subsequent cyclical episodes of popu-
lation growth and contraction, which are unquestionably
critical to their rapid evolutionary divergence.

As described above, the multiple waves of stress-
induced transposition bursts in genomes of new arrivals
to unstable volcanic habitats, such as that in the vicinity of
the still active Kilauea volcano on the Island of Hawaii
(http://hvo.wr.usgs.gov/activity/kilaueastatus.php See web-
site for daily updates), would lead to the rapid accumula-
tion of many new mutations, along with substantial
reorganization of the genomes, and altered transcriptional
patterns and genome functioning of surviving plants and
animals, priming them for subsequent completion of the
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speciation process. Transposition activity induced by the
stress of volcanic environments is thus proposed as the
key factor in the generation of new genetic variants, and
in the genome reorganization that is the critical driver of
the subsequent evolutionary changes leading to rapid spe-
ciation. TE insertions will rapidly generate a host of new
mutations, some of which may be fixed by genetic drift
[116], while the fates of others will be determined by the
forces of natural and/or sexual selection.

Specifically, I propose that it is the insertion of TE se-
quences into noncoding regulatory regions of the gen-
ome, in response to volcanic stress, and the subsequent
re-wiring of transcriptional networks [70] that may ex-
plain the rapid phenotypic evolution and origin of mor-
phological novelties so common in adaptive radiations
on volcanic islands. The products of such adaptive radia-
tions frequently arise rapidly [13, 40], and exhibit much
greater phenotypic variation than observed in the rest of
the world for the genus or lineage [8]. Yet paradoxically,
they show lower rates of structural gene evolution than
expected [13, 119]. As is the case for heat-shock pro-
moters [110, 111], regulatory regions may have a more
open chromatin configuration, especially after prolonged
heat stress [112]. Therefore, they may be inherently
more vulnerable to TE insertions than structural gene
sequences. Thus the repeated episodes of TE
mobilization engendered by the dynamic volcanic setting
might be predicted to cause a higher rate of regulatory
sequence variation, with generation of novel genomic
regulatory systems, some of which may lead to dramatic-
ally altered morphologies, ecologies, and sexual and
non-sexual behaviors. Some of these evolutionary novel-
ties may be adaptive [68, 74, 96—99], providing the basis
for evolution of new species, or from time to time, a
morphologically distinct clade. The Hawaiian Drosophili-
dae, for example, display a remarkable degree of morpho-
logical variation, with monophyletic clades characterized
by bizarre modifications of mouthparts, legs, and anten-
nae [120]. Just as TE insertions in plant genes have been
shown to be associated with morphological changes [76], I
posit that a major contributor to the evolution of morpho-
logical novelties in Hawaiian Drosophila may be TE inser-
tions that modified the developmental program of adult
body patterning, thereby initiating several novel and mor-
phologically unique clades of flies in this remarkable
radiation.

Transposition bursts of multiple transposons could also
potentially lead to rewiring of sexual behaviors and pro-
duction of a cluster of species differentiated only by sec-
ondary sexual characters. This phenomenon could be the
driver for diversification of the clade of morphologically
cryptic Laupala crickets endemic to Hawaiian forests
[121]. Among the endemic Hawaiian Drosophila, court-
ship behaviors are extraordinarily diverse [122, 123], but
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species are also morphologically diverse, suggesting that
sexual selection [38, 39] has acted in concert with other
forces in the evolutionary diversification of these flies.

Testing the hypothesis

Some predicted outcomes of the hypothesis and
pertinent available data

Species richness and rates of evolution on volcanic islands
If the dynamic volcanic environment induces recurrent
transposition bursts and genome reorganization that fa-
cilitates speciation as hypothesized herein, then one
would expect to observe (a) a higher level of species
richness and single-island endemics in groups on vol-
canic islands compared to the level of diversification in
the same genus on (non-volcanic) continental islands;
and (b) a higher total proportion of TEs in genomes of
species that evolved in situ on volcanic islands compared
to those that evolved on continental islands. It may be
hard to precisely test these two predictions because of
the difficulty in identifying matching pairs of volcanic
and non-volcanic islands of similar geological age, island
area, topographic complexity, and distance from source
continents (a factor that likely affects immigration rates).
These are all factors that play a role in the expansion of
biodiversity on islands according to the General
Dynamic Model of island biogeography [124] that was
developed to explain plant diversification in the Canary
Islands. Evidence in support of prediction (b) has yet to
be collected; this topic will be addressed later in the sec-
tion Proposed experimental studies.

A corollary of the hypothesis of elevated levels of TE
activity and genome remodeling induced by the stress of
volcanic environments is the expectation for higher
overall rates of evolution and speciation on volcanic
islands, compared to non-volcanic islands and conti-
nents. The extremely high rates of speciation in many
Hawaiian plants and animals [13, 40] are consistent with
this expectation. For example, in the radiation of the
Hawaiian silversword alliance, the diversification rate is
much higher than in non-Hawaiian taxa [125]. Moreover,
rates of regulatory gene evolution in the Hawaiian silver-
swords are significantly accelerated by comparison with
evolutionary rates of their orthologues in the ancestral
North American tarweed species [126]. For Drosophila, a
recent careful examination of molecular diversification
patterns has confirmed that there has been a significantly
higher rate of diversification in the Hawaiian Drosophili-
dae than in other groups of the subgenus Drosophila [21].
Accelerated speciation rates have also been documented
in the forest-dwelling Hawaiian crickets of the genus Lau-
pala (38 species). In the monophyletic clade on the youn-
gest island of Hawaii where speciation is both explosive
and ongoing, the speciation rate is more than an order of
magnitude greater than the average estimated rate for all
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arthropods [127]. These findings are consistent with that
claim that TEs serve to dramatically increase rates of mo-
lecular evolution [66].

Rates of chromosomal rearrangement, and chromosomal
length polymorphism

Along with higher rates of nucleotide sequence diver-
gence and overall evolutionary diversification, another
predicted outcome of the hypothesis is a higher rate of
chromosomal rearrangement in lineages that evolved on
volcanic islands due to ectopic recombination between
the more numerous TE repeats. In the picture wing
clade of Hawaiian Drosophila, Carson documented 213
paracentric inversions (40 % polymorphic) in the eu-
chromatin of 103 species [128], generated in the course
of the ~ 5.8 Myr of evolution of this monophyletic clade
[40]. (This is an underestimate of the total number of in-
versions, since some species in the clade must be extinct
[40]; moreover, rearrangements with both breakpoints in
the heterochromatin, which has a much higher density
of TEs, cannot be evaluated cytologically because of the
underreplication of these sequences in polytene chromo-
somes.) On the other hand, the continental Drosophila
repleta species group that radiated in South and North
America has 296 paracentric inversions (60 % poly-
morphic) among 70 analyzed species [129], which ap-
pears to demonstrate a significantly higher inversion rate
per species, contrary to prediction. This can likely be at-
tributed to the much greater age (~16 Myr) of the
repleta group [130], compared with the geological youth
of the Hawaiian picture wing clade [40].

If TE insertions and chromosomal rearrangements are
continuing to occur in populations on still volcanically
active islands such as the young Island of Hawaii (<0.47
Myr), then one might expect to observe novel poly-
morphic inversions with the inverted sequence at very
low frequency. Further, the newly arisen inversion(s)
should be geographically restricted. The young species
Drosophila silvestris endemic to the Island of Hawaii
with its highly subdivided population structure [131]
provides the chance to evaluate this prediction. Of the
11 polymorphic inversions in the species, seven are rea-
sonably widespread [131, 132]. Four recently arisen in-
versions are restricted to two altitudinally and
ecologically marginal populations 9 km apart, and occur
at very low frequencies compared to the older inversions
[133]. These two isolated demes are located on the east-
ern flank of Mauna Kea, a volcano that erupted vigor-
ously throughout its history to reach ~4.5 km above sea
level by the end of its shield-building stage ~130 kya and
continued to erupt thereafter up until ~3,300 years ago
[134]. The D. silvestris populations in this area are thus
quite young, and belong to the derived “3-row” morpho-
type of the species [135]. Interestingly, in a laboratory
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stock of D. silvestris, an accidental prolonged heat stress
that rendered all the adults sterile led to a novel inver-
sion haplotype, following the bottleneck in the stock of a
few surviving larvae [136]. I suggest that the heat stress
activated bursts of transposition, leaving chromosome
breaks from TE excisions in homologous positions
between inversions ¢ and /* of Chromosome 4 that fa-
cilitated meiotic recombination in germline cells of a
survivor to produce the novel haplotype. Although
not previously recorded in this lab stock, this novel
inversion haplotype was strongly selected for and rose
to a frequency of 30 % in the stock after just a few
generations [136].

Besides chromosome rearrangements, another chromo-
somal phenomenon - involving heterochromatin - is also
relevant to the hypothesis. Where there have been truly
massive amplification bursts of TEs in the heterochro-
matic domain of one chromosome of an autosomal pair,
this could be microscopically detectable as a chromosomal
length polymorphism; massive TE amplification bursts in
the X- or Y-chromosome heterochromatin would result in
sex chromosomes that are longer than usual. Clayton
[137] recorded many instances of double-length auto-
somes and sex chromosomes among the endemic
Hawaiian Drosophila, in both homozygous and heterozy-
gous condition, where chromosomes have been length-
ened significantly by the addition of heterochromatin.
Intraspecific chromosomal length variation has been ob-
served within individuals from time to time as well as be-
tween populations of a number of Hawaiian species [137].
I am unaware of reports of similar levels of chromosomal
length polymorphism due to added heterochromatin in
non-Hawaiian Drosophila species.

Some of the added heterochromatin in Hawaiian Dros-
ophila species is comprised of highly repetitive satellite
DNA sequences [138], but amounts of satellite DNA do
not fully account for the additional amounts of DNA in
these genomes. (For example, Drosophila heteroneura
has a genome that is 17 Mb larger than that of its sister
species D. silvestris, but surprisingly has ~0.8 Mb less
satellite DNA than D. silvestris [138]). The implication is
that TE amplification has also occurred within the
blocks of added heterochromatin (as well as within the
euchromatin). In fact, some of the satellite bands re-
solved on CsCl density gradients may be comprised of a
mixture of TE repeats interspersed among the highly re-
petitive satellite repeats of the heterochromatin, rather
than solely satellite sequences, given the pattern of nest-
ing of TEs among other repetitious sequences observed
in the heterochromatin of D. melanogaster [57].

Increased genome sizes
Another predicted consequence of the hypothesis pro-
posed here is that species that evolved on volcanic
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islands may have larger genome sizes than related organ-
isms that evolved on continental islands or on conti-
nents where transposition rates are more constrained.
Massive amplifications of TEs induced by a variety of
types of stress can add detectable amounts of DNA to
the genome [97, 139], especially in heterochromatic re-
gions, increasing genome size. In fact, genomes of 16
sampled endemic Hawaiian Drosophila species [138] are
significantly larger (tge_19=2.57, P <0.05, assuming un-
equal variances) than genomes of non-Hawaiian Dros-
ophila species from continents or continental islands
[140, 141]. Additionally, genome sizes among Hawaiian
species are more variable than among non-Hawaiian
species. This is consistent with the prediction that a sub-
stantially higher prevalence of TE repeats could increase
chances of ectopic recombination, leading to duplica-
tions, and in other cases, deletions of large blocks of
DNA and thus decreases in genome size.

Notably, one Hawaiian species, D. cyrtoloma, has the
largest genome ever recorded for a Drosophila species
[138]. Its genome, which is more than twice the size of
the D. melanogaster genome, evolved via additions of
seven heterochromatic chromosome arms. Although
much of the added DNA appears to be comprised of
several satellite sequences [138], it is conceivable that
the amplification of satellite repeats in centromeric and
pericentromeric regions in this and other Hawaiian spe-
cies was triggered by transposition events. In interspe-
cific hybrids of marsupial mammals, the dramatically
extended centromeres of one parental chromosome set
are due to retroelement amplification of centromeric
heterochromatin in response to the biotic stress of
hybridization [90]. Amplification of certain types of TEs
may well cause amplification of adjacent repetitive se-
quences. It is known that Helitrons, for instance, are
able to capture adjacent genes and genomic fragments
[77]. This is significant in that it can lead to amplifica-
tion of additional sequences to high copy numbers, as
reported in the vesper bat Myotis lucifugus [142]. In this
species, two Helitron families have undergone massive
amplification to comprise at least 3 % of the genome
[142]. TEs of this novel class are ubiquitous, and known
to be present in Drosophila genomes including that of
the Hawaiian species Drosophila grimshawi [143]. When
mobilized, Helitrons replicate via a rolling circle mech-
anism [77, 144] which dramatically increases their amp-
lification potential. In the genome of the non-Hawaiian
Drosophila yakuba, there is evidence for a recent trans-
positional burst of the DINE-1 Helitron [145] to gener-
ate > 5,000 copies [143] that comprise 3 % of the
genome [145]. I suggest that this dynamic element could
have been involved, along with other TEs, in repeated
transpositional bursts and amplification of adjacent re-
petitive DNA in some species of Hawaiian Drosophila,
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in response to episodes of genomic stress. Given the
propensity of DINE-1 copies to accumulate in the peri-
centric heterochromatin [145], it is feasible that blocks
of resident satellite DNA repeats could be transduced
and also amplified via rolling circle replication, thereby
proliferating at a higher rate than normal and com-
pounding the effects of DINE-1 amplification on genome
size increase, whenever these Helitron sequences are
mobilized. Moreover, these abundant DINE-I repeats,
other TEs and satellite DNA sequences provide sub-
strates for unequal crossing over that can lead to seg-
mental duplications. These may become fixed under
appropriate conditions in founder populations [146], fur-
ther driving heterochromatin and genome size expan-
sion in the course of karyotypic and genomic evolution
of the endemic Hawaiian Drosophila.

Higher TE copy numbers in derived members of a lineage

A final corollary of the hypothesis that founder events
and exposure to the volcanic environment trigger TE in-
stability and proliferation is the prediction that TE copy
numbers should be higher in genomes of the progres-
sively younger members of a lineage that have dispersed
down an island chain as new volcanic islands in the ar-
chipelago arose from the ocean floor and became habit-
able. The youngest species in such a lineage would have
undergone more founder events and much more expos-
ure to volcanic environments in the course of their evo-
lutionary history than ancestral species on older islands
that are now volcanically inactive. In accord with this
prediction, Hunt and colleagues [147, 148] showed via in
situ hybridization an inverse correlation between eu-
chromatic copy numbers of the Uhu element, a Tc-1 like
transposon [149], and the age of the island to which
each species is endemic in both the planitibia and
adiastola species groups of the picture wing clade of
Hawaiian Drosophila, as well as a similar relationship for
the LOA element in the planitibia species group [148].
The in situ hybridization data also demonstrated vari-
ability in occupancy of TE euchromatic chromosomal
sites among the populations and species sampled, con-
firming active transposition through evolutionary and
geological time. Copy numbers of these particular TEs
in the heterochromatin (and thus total genome copy
numbers) for these species could not be precisely
assessed due to underreplication of heterochromatic re-
gions in Drosophila larval polytene chromosomes. How-
ever, Hunt et al. did note that the majority of the in situ
labeling was concentrated at the centromeric regions of
the polytene chromosomes [147], suggesting higher
density and copy numbers of the Uhu element in the
centromeric heterochromatin. Further, since TE inser-
tions would initially be heterozygous, according to the
hypothesis outlined here, one would expect high levels
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of TE polymorphism in natural populations currently or
recently exposed to volcanic stress, such as those on
younger lavas of the Island of Hawaii; this was, in fact,
observed for the Uhu element [148].

Proposed experimental studies

Methods to assay TE copy numbers and distributions

Few organisms have the giant banded polytene chromo-
somes of Drosophila species that make them so favor-
able for in situ detection of specific nucleotide
sequences. Even in these species, the in situ technique
has some limitations with respect to detection in hetero-
chromatic regions, as mentioned above, and lacks the
resolution to determine whether a positive signal at a
particular chromosomal site is due to a single copy or
several tandem copies of the sequence in question. Fur-
ther, each target sequence must be assayed individually.
For optimal detection and quantification of the TE con-
tent of an individual organism (experimental or field-
collected), there is no substitute for access to the whole
genome sequence (WGS). Although WGS data for most
single-island endemic species of interest are currently
lacking, the availability and decreasing cost of high-
throughput next-generation sequencing technologies has
significantly increased the feasibility of obtaining the
requisite genome sequence data for analyses and com-
parisons of TE content. To acquire comprehensive TE
data for multiple genomes requires targeted methods. In
the first instance, transposon display methods [150]
could be used to evaluate numbers and genome propor-
tions of specific selected TEs. This approach could be
used to compare representatives of the same genus on
volcanic vs. continental islands, for example, to test the
prediction of increased TE representation in species that
evolved on volcanic islands, mentioned at the beginning
of this section (prediction b). For a more comprehensive
assessment of all TEs, several post-sequencing bioinfor-
matics methods have been developed [151], which will
facilitate the task of identifying and quantifying novel TE
insertions in the genomes of treated organisms, for com-
parison with controls.

Proposed experiments

Empirical tests of the hypothesized effects of volcanic
stress would require controlled exposures of organisms
to the specific abiotic stressors associated with volcanic
activity, followed by assays of resulting levels of TE
mobilization via direct detection and quantification of
new insertions in progeny of the test subjects using the
methods mentioned above [150, 151]. The heat stress
experiments should replicate temperatures measured in
the field in unburned forest tracts adjacent to volcanic
lava flows and exposures should be prolonged (for two
days, or one week, for example). Effects of the various
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volcanic gases could be tested individually at concentra-
tions measured in the field, as well as in a combination
that replicates the prevailing volcanic gas mixture that is
released. Test organisms could even be exposed in situ
to the ambient volcanic air for specific time periods.
Such experiments could be conducted within Hawaii
Volcanoes National Park on the Island of Hawaii where
volcanic activity is ongoing, and monitoring of volcanic
activity and air quality is continuous. These experiments
cannot readily use island endemic species because of the
lack of WGS and baseline information on their TEs. Ra-
ther, they should initially use reference strains of model
organisms with a comprehensive annotation of their
TEs, such as specific isogenic strains of the fly Drosoph-
ila melanogaster and ecotypes of the model plant Arabi-
dopsis thaliana [152, 153]. Such experiments could
directly validate the proposed effects of volcanic stress
on colonizing individuals by detecting transposition
bursts that result in amplification and novel distributions
of a variety of TEs. In fly experiments, to determine
whether induced transposition rates in the germline are
similar in the two sexes, progeny of both treated adult
males crossed with untreated females, and treated females
crossed with untreated males, should be examined. There
is a common perception that spermatogenesis is more
sensitive to environmental insults than oogenesis, but this
probably does not apply to flies and other insects where
germline stem cell divisions continue in gonads of both
sexes (by contrast with the situation in mammals).

Similar experiments could be carried out to test the
predicted effects of extreme inbreeding following
founder events on mobilization of TE repeats. Prelimin-
ary evidence of increased TE copy numbers following
founder events is available for recent colonizers of new
habitats [154], as well as for strains of self-fertilizing rice
recently domesticated from wild relatives [155]. Finally,
the combined effects of biotic (intrinsic) and abiotic
(extrinsic) stress could be empirically evaluated via an in-
breeding experiment in which individuals are raised for
several generations in a high CO, and high temperature
environment, or other combinations of stressors. As in
previous explorations of changes in gene expression pat-
terns in inbred lines of D. melanogaster in response to
thermal stress [156], it is likely that the several stressors
will interact synergistically, leading to greater transposon
instability and a more profound response by the host gen-
ome than that induced by an individual stressor tested
separately.

Implications of the hypothesis

The hypothesis implies that both TEs and species should
proliferate at a much higher rate on volcanic islands
than elsewhere, with colonizing lineages giving rise to
evolutionary innovations and adaptive radiations.
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Although monophyletic and speciose adaptive radiations
are common outcomes on volcanic islands, curiously,
some lineages fail to diversify and speciate, despite being
exposed to the same volcanic stresses as organisms that
undergo rapid evolutionary diversification. For example,
among Hawaiian plant lineages half are monotypic con-
sisting of a single species [157]. Among Hawaiian birds,
the drepanidine honeycreeper radiation of ~50 species
[158] contrasts with the restricted speciation and mor-
phological diversity of the Hawaiian thrushes that colo-
nized the Hawaiian archipelago about the same time as
the honeycreepers [159]. The difference in realization of
evolutionary potential of clades subject to the same ex-
trinsic volcanic forces would suggest an intrinsic genetic
constraint in lineages that colonize volcanic islands suc-
cessfully, but then fail to diversify. One potential impli-
cation is that the diversity and proportion of TEs in the
genome of a colonizer determines the evolvability of the
resulting lineage. Indeed, Oliver and Greene [66] have
asserted that TEs are a key factor, even a prerequisite, in
the evolution of species-rich lineages. Thus evolutionar-
ily constrained lineages may be unable to undergo the
rapid genome remodeling that leads to an adaptive radi-
ation primarily because of a severe lack of TEs in their
ancestral genomes. On the other hand, lineages with
abundant TEs in their genomes are equipped to respond
to the stress of founder events and the harsh conditions
of active volcanic habitats by generating a host of new
genetic combinations as a result of bursts of TE amplifi-
cation, setting the stage for profuse speciation and adap-
tive radiation. TEs may therefore play a critical role in
the survival, rampant speciation and adaptation of plants
and animals in volcanic environments, and may underlie
many of the evolutionary innovations frequently associ-
ated with adaptive radiations.

Reviewers' comments
Reviewer's report 1: James A. Shapiro, University of
Chicago, USA (nominated by Editorial Board member I.
King Jordan, Georgia Institute of Technology, USA)
This theoretical paper articulates a plausible and verifi-
able hypothesis about the key role of transposable ele-
ments in evolutionary radiations on volcanic islands.
The MS is well written and marshals much of the evi-
dence in favor of the author’s hypothesis. Consequently,
this MS merits publication as an explicitly theoretical
proposal. The section detailing how the special condi-
tions on volcanic islands can be expected to stimulate
transposable element activity is particularly valuable.
Author's response: I thank this reviewer for his positive
reaction to the manuscript, and for highlighting the role
of the volcanic environment in activating transposition, a
central aspect of my hypothesis.
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My one reservation about the MS concerns the section
on “Testing the Hypothesis.” It seems to me that pro-
posed experimental tests should come at the end of this
section, only after considering (1) the state of existing
evidence relevant to the hypothesis and (2) discussing
the kinds of genomic analysis on natural populations
that could verify or discredit the hypothesis. I recom-
mend that the author revise this section on “Testing the
Hypothesis” so that the reader can see more clearly what
the status currently is of relevant data and what the two
available approaches are to gathering additional data by
which to evaluate the author’s proposal. The exposition
on the status of current data could benefit from a more
highly organized presentation with relevant headings
highlighting each set of available information.

Author's response: The section on “Testing the Hypoth-
esis” has been reordered and revised as recommended.
Thank you for suggesting adding side headings to identify
subsections on the various sources of supporting data.
This, I believe, makes the text much more accessible to
the reader, and is an improvement on my original pres-
entation of this section.

Reviewer's report 2: Wolfgang Miller, Medical University
of Vienna, Austria (hominated by Editorial Board member
I. King Jordan, Georgia Institute of Technology, USA)

This hypothesis paper is a beautiful and comprehensive
work linking our current knowledge of transposon biol-
ogy and epigenetics with one of the most enigmatic and
exciting biological questions, i.e., how species originate
and diversify in isolated habitats such as remote volcanic
islands. Although the species-rich fauna and flora of the
Galapagos and Hawaiian islands were intensively studied
over last centuries, their origin presents a paradox. The
severe genetic bottleneck of founder events plus in-
breeding depression, coupled with the inherently stress-
ful volcanic environment, would seem to predict
reduced evolutionary potential and increased risk of ex-
tinction, rather than rapid adaptive divergence and spe-
ciation. So how do such founder populations genetically
diversify? For elaborating a comprehensive theory to
solve this conceptual problem, Elysse Craddock, a well-
known expert who has worked for decades on the evolu-
tion of Hawaiian Drosophila species, proposes here that
dormant transposons, which were already present in the
founder individuals, were reactivated by the exposure to
volcanic heat and chemical stresses. Due to their innate
mobility and mutability such TE bursts might have en-
abled the founders to modulate and reorganize their ge-
nomes and thereby to drive genetic diversity of their
progeny, a prerequisite for adaptive radiation and speci-
ation. Based on our current knowledge about TE biology
and epigenetics, this theory sounds very plausible to me
and hence requires experimental testing. In summary,
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this conceptual paper is very exciting for me to see this
research direction as some kind of revival of experimen-
tal studies that were originally initiated by Paul
Kammerer and colleagues one century ago at the
Vivarium of Vienna, Austria, which was a famous
Austrian private research institution founded by Hans
Leo Przibram, Leopold von Portheim and Wilhelm
Figdor. By stressing model systems like Ascidia and
Amphibians by means of heat and/or light exposure the
researchers had observed trans-generational phenotypic
alterations. Unfortunately the researchers were unaware
of the mere existence of transposons around this time.
Thanks to our current knowledge of TEs and their epi-
genetic regulations however, it would be very exciting
now to reevaluate their afterwards heavily criticized find-
ings as recently suggested by Alexander Vargas (Vargas,
A. 2009 Did Paul Kammerer discover epigenetic inherit-
ance? A modern look at the controversial midwife toad
experiments. ] Exp Zool B Mol Dev Evol, 312(7):667-78.
Doi: 10.1002/jez.b.21319).

Author's response: Thank you for enthusiastically en-
dorsing publication of this manuscript. The experimental
results of the Lamarkian Paul Kammerer, long thought to
be fraudulent, are indeed intriguing in the light of mod-
ern molecular knowledge of epigenetic mechanisms, as
discussed in the Vargas publication. Kammerer was
clearly a scientist ahead of his time. With respect to TEs,
Barbara McClintock with her pioneering results and in-
terpretations stands without peer in the history of mo-
lecular biology. Likewise, in the context of founder events
and their surprising outcomes, Ernst Mayr was way
ahead of his time in postulating in 1954 an accompany-
ing “genetic revolution,” later elaborated by Hamp Car-
son to comprise a’phase of genetic disorganization
followed by a phase of genetic reorganization.” These con-
cepts were proposed during an era when there was min-
imal knowledge of the structure and organization of the
genome, and well before knowledge of the prevalence and
importance of transposons was mainstream among mo-
lecular biologists, let alone evolutionary biologists of the
time.

Minor suggestions: 1.) A highly spectacular case
about host adaptability in response to environmental
changes clearly triggered by TEs was just recently
published in Nature (Van't Hof AE et al. 2016. The
industrial melanism mutation in British peppered
moths is a transposable element. Nature, 534:102-
105.). I would mention this beautiful example in the
text. Interestingly, in the same issue the group of
Chris Jiggins reported that mutations affecting the
expression of the same gene, i.e., Cortex, also affect
color patterning and diversification in other insects,
i.e., in butterflies of the genus Heliconius (Nadeau
et al. 2016. The gene cortex controls mimicry and
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crypsis in butterflies and moths. Nature, 534, 106—-110). In
this study, however, the authors could not make a direct
link between cortex expression patterns and TE insertions,
although multiple remnants of TEs were found in the
close vicinity of this gene. 2.) I am not sure that D. mela-
nogaster might serve as an ideal system to test the hypoth-
esis since after more than 100 years of intensive studies
and experimental mutagenesis we never have obtained a
single de novo species out of this system. Therefore I
would suggest applying more “plastic” model systems, i.e.,
members of Drosophila groups that are currently under
incipient speciation and therefore more”open” to respond
adaptively to such experimental stresses. Inbred Hawaiian
species might be prime candidates since exact analyses of
TE insertion patterns before and after stress exposure via
NGS and TE display methods are quite feasible in our
days.

Author's response: 1.) I am most grateful to Dr. Miller
for bringing this fascinating example to my attention. 1
was unaware of these studies, which were published after
I submitted the ms. As suggested, I have included men-
tion of this highly relevant example in the Background
section where I had cited the potential adaptive value of
novel TE-mutations in changing environments. 2.) Al-
though I appreciate Dr. Miller’'s comments and reasons
for suggesting that D. melanogaster may not be a suitable
organism for testing the hypothesis, I should point out
that the proposed experiments are designed to test the
proposition that genomic stress induced by volcanic en-
vironmental and founder conditions triggers bursts of TE
mobilization, novel mutations and significant genome
reorganization, resulting in a wide array of novel ge-
nomes among the progeny. These predicted genomic out-
comes are testable in the short term, and in my view,
serve as the initiating factor that makes subsequent spe-
ciation much more likely, more rapid, and more profuse
than in the absence of TE amplification bursts. In es-
sence, the stress-induced TE wmobilization provides a
plethora of raw material for the evolutionary process.
This is the key point of my hypothesis that addresses the
genetic paradox of the highly restricted genetic variability
of the founder individuals. Probably hundreds of years of
natural and sexual selection are needed to sift through
the wide array of gemomic variants produced in a
founder population in a volcanic habitat before a cluster
of new and uniquely adapted species is formed (the ma-
jority, perhaps, of the novel variants being evolutionary
dead-ends). The longer-term outcome of explosive speci-
ation is, of course, implicit in my hypothesis, but is not
really feasible to test in an average human lifetime. No
doubt, experimental validation of the hypothesis should
be conducted using Hawaiian species, once data have
been acquired from well characterized model organisms
with rapid life cycles.

Page 12 of 15

Acknowledgements
I am grateful to my colleague Mark Jonas for his interest and comments on
the manuscript draft, and to the reviewers for their comments.

Author’s contributions
EC conceived the hypothesis and wrote the manuscript.

Author’s information

EC is Professor Emerita in Biology at Purchase College, the State University of
New York (SUNY), where she has spent many years devoted to
undergraduate teaching. In 1992, she won the SUNY Chancellor's Award for
Excellence in Teaching. Since her postdoctoral with the late Professor
Hampton Carson at the University of Hawaii, her research activities have
focused on questions related to the evolution of the endemic Hawaiian
Drosophila.

Competing interests
The author declares that she has no competing interests.

Received: 1 June 2016 Accepted: 26 August 2016
Published online: 06 September 2016

References

1. Darwin C. On the origin of species. 1st ed. London: Murray; 1859.

2. Lack D. Darwin'’s finches. Cambridge: Cambridge University Press; 1947.

3. Carlquist S. Island biology. New York: Columbia University Press; 1974.

4. Emerson BC. Evolution on oceanic islands: molecular phylogenetic approaches
to understanding pattern and process. Mol Ecol. 2002;11:951-66.

5. Losos JB, Ricklefs RE. Adaptation and diversification on islands. Nature.
2009;457:830-6.

6. Paulay G. Biodiversity on oceanic islands: Its origin and extinction. Amer
Z00l. 1994;34:134-44.

7. Zimmerman EC. Adaptive radiation in Hawaii with special reference to
insects. Biotropica. 1970;2:32-8.

8. Robichaux RH, Carr GD, Liebman M, Pearcy RW. Adaptive radiation of the
Hawaiian silversword alliance (Compositae- Madiinae): Ecological,
morphological, and physiological diversity. Annals Missouri Bot Garden.
1990,77(1):64-72.

9. Wagner WL, Funk VA, editors. Hawaiian biogeography: Evolution on a hot
spot archipelago. Washington: Smithsonian Institution Press; 1995.

10.  Roderick GK, Gillespie RG. Speciation and phylogeography of Hawaiian
terrestrial arthropods. Mol Ecol. 1998;7:519-31.

11. Craddock EM. Speciation processes in the adaptive radiation of Hawaiian
plants and animals. In: Hecht MK, Maclntyre R, Clegg M, editors.
Evolutionary biology, vol. 31. New York: Kluwer Academic/Plenum Publ;
2000. p. 1-53.

12. Cowie RH, Holland BS. Molecular biogeography and diversification of the
endemic terrestrial fauna of the Hawaiian Islands. Phil Trans R Soc B.
2008;363:3363-76.

13. Knope ML, Clifford W, Morden CW, Funk VA, Fukami T. Area and the rapid
radiation of Hawaiian Bidens (Asteraceae). J Biogeogr. 2012;39(7):1206-16.

14.  Parent CE, Crespi BJ. Ecological opportunity in adaptive radiation of
Galdpagos endemic land snails. Amer Nat. 2009;174(6):898-905.

15. Juan C, Emerson BC, Oromi P, Hewitt GM. Colonization and diversification:
towards a phylogeographic synthesis for the Canary Islands. Trends Ecol
Evol. 2000;15(3):104-9.

16.  Rees DJ, Emerson BC, Oromi P, Hewitt GM. The diversification of the genus
Nesotes (Coleoptera: Tenebrionidae) in the Canary Islands: Evidence from
mtDNA. Mol Phylog Evol. 2001,21(2):321-6.

17. Givnish TJ, Millam KC, Mast AR, Paterson TB, Theim TJ, Hipp AL, Henss JM,
Smith JF, Wood KR, Sytsma KJ. Origin, adaptive radiation and diversification
of the Hawaiian lobeliads (Asterales: Campanulaceae). Proc Roy Soc B.
2009,276:407-16. doi:10.1098/rspb.2008.1204.

18. Haines WP, Schmitz P, Rubinoff D. Ancient diversification of Hyposmocoma
moths in Hawaii. Nat Commun. 2014;5:3502. doi:10.1038/ncomms4502.

19.  Rubinoff D. Phylogeography and ecology of an endemic radiation of
Hawaiian aquatic case-bearing moths (Hyposmocoma: Cosmopterigidae).
Phil Trans R Soc B. 2008;363:3459-65.

20.  Rubinoff D, Schmitz P. Multiple aquatic invasions by an endemic, terrestrial
Hawaiian moth radiation. Proc Natl Acad Sci USA. 2010;107(13):5903-6.


http://dx.doi.org/10.1098/rspb.2008.1204
http://dx.doi.org/10.1038/ncomms4502

Craddock Biology Direct (2016) 11:44

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Morales-Hojas R, Vieira J. Phylogenetic patterns of geographical and
ecological diversification in the subgenus Drosophila. PLoS One.
2012;7(11):e49552.

Lapointe R, O'Grady PM, Whiteman NK. Diversification and dispersal of the
Hawaiian Drosophilidae: The evolution of Scaptomyza. Mol Phylog Evol.
2013;69:95-108.

Perkins RCL. Introduction. Being a review of the land fauna of Hawaii. Fauna
Hawaiiensis Vol 1, part 6, pp 15-189. Cambridge: Cambridge University Press; 1913.
Zimmerman EC. 300 species of Drosophila in Hawaii? — A challenge to
geneticists and evolutionists. Evolution. 1958;12:557-8.

Ringo JM. Why 300 species of Hawaiian Drosophila? The sexual selection
hypothesis. Evolution. 1977;31:694-6.

Templeton AR. Once again why 300 species of Hawaiian Drosophila?
Evolution. 1979;33:513-7.

Kaneshiro KY. R C L Perkins' legacy to evolutionary research on Hawaiian
Drosophilidae (Diptera). Pacif Sci. 1997,51:450-61.

Magnacca KN, Price DK. New species of Hawaiian picture wing Drosophila
(Diptera: Drosophilidae), with a key to species. Zootaxa. 2012;3188:1-30.
Carson HL. Chromosome tracers of the origin of species. Science.
1970;168:1414-8.

Carson HL. Speciation and the founder principle. Stadler Genet Symp.
1971,3:51-70.

Templeton AR. The theory of speciation via the founder principle. Genetics.
1980;94:1011-38.

Carson HL, Templeton AR. Genetic revolutions in relation to speciation
phenomena: The founding of new populations. Annu Rev Ecol Syst.
1984;15:97-131.

Heed WB. Host plant specificity and speciation in Hawaiian Drosophila.
Taxon. 1971;20:115-21.

Montgomery SL. Comparative breeding site ecology and the adaptive
radiation of picture-winged Drosophila. Proc Hawaii Entomol Soc.
1975;22:65-102.

Kambysellis MP, Ho K-F, Craddock EM, Piano F, Parisi M, Cohen J. Pattern of
ecological shifts in the diversification of Hawaiian Drosophila inferred from a
molecular phylogeny. Curr Biol. 1995;5:1129-39.

Kambysellis MP, Craddock EM. Ecological and reproductive shifts in the
diversification of the endemic Hawaiian Drosophila. In: Givnish TJ, Sytsma,
editors. Molecular evolution and adaptive radiation. Cambridge: Cambridge
University Press; 1997. p. 475-509.

Magnacca KN, Foote D, O'Grady PM. A review of the endemic Hawaiian
Drosophilidae and their host plants. Zootaxa. 2008;1728:1-58.

Kaneshiro KY. Sexual selection and direction of evolution in the biosystematics
of Hawaiian Drosophilidae. Annu Rev Entomol. 1983;28:161-78.

Carson HL. Sexual selection: a driver of genetic change in Hawaiian
Drosophila. J Heredity. 1997,88:343-52.

Magnacca KN, Price DK. Rapid adaptive radiation and host plant conservation
in the Hawaiian picture wing Drosophila (Diptera:Drosophilidae).

Mol Phylogenet Evol. 2015;92:226-42.

Gillespie R. Community assembly through adaptive radiation in Hawaiian
spiders. Science. 2004;303:356-9.

Schluter D. The ecology of adaptive radiation. Oxford: Oxford University
Press; 2000.

Schluter D. Ecology and the origin of species. Trends Ecol Evol.
2001;16(7):372-80.

Stein A, Gerstner K, Kreft H. Environmental heterogeneity as a universal
driver of species richness across taxa, biomes and spatial scales. Ecology
Letters. 2014;17:866-80.

Losos JB. Adaptive radiation, ecological opportunity, and evolutionary
determinism. Amer Nat. 2010;175(6):623-39.

Yoder JB, Clancey E, Des Roches S, Eastman JM, Gentry L, Godsoe W, Hagey
TJ, Jochimsen D, Oswald BP, Robertson J, Sarver BAJ, Schenk JJ, Spear SF,
Harmon LJ. Ecological opportunity and the origin of adaptive radiations.

J Evol Biol. 2010;23:1581-96.

Mayr E. Change of genetic environment and evolution. In: Huxley J, editor.
Evolution as a process. London: Allen & Unwin; 1954. p. 157-80.

Carson HL. Speciation as a major reorganization of polygenic balances. In:
Barigozzi C, editor. Mechanisms of Speciation. New York: Alan R Liss, Inc;
1982. p. 411-33.

Carson HL. Genetic imbalance, realigned selection, and the origin of species.

In: Giddings LV, Kaneshiro KY, Anderson WW, editors. Genetics, speciation and
the founder principle. New York: Oxford University Press; 1989. p. 345-62.

50.

51

52.
53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71,

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 13 of 15

Barton NH, Charlesworth B. Genetic revolutions, founder effects, and
speciation. Annu Rev Ecol Syst. 1984;15:133-64.

McClintock B. The significance of responses of the genome to challenge.
Science. 1984,226:792-801.

Orgel LE, Crick FHC. Selfish DNA: the ultimate parasite. Nature. 1980,284:604-7.
Doolittle WF, Sapienza C. Selfish genes, the phenotype paradigm and
genome evolution. Nature. 1980;284:601-3.

Kidwell MG, Lisch DR. Transposable elements and host genome evolution.
Trends Ecol Evol. 2000;15:95-9.

Kidwell MG, Lisch DR. Perspective: transposable elements, parasitic DNA,
and genome evolution. Evolution. 2001;55:1-24.

Jurka J, Kapitonov W, Kohany O, Jurka MV. Repetitive sequences in complex
genomes: structure and evolution. Annu Rev Genomics Hum Genet.
2007,8:241-59.

Bergman CM, Quesneville H, Anxolabéhére D, Ashburner M. Recurrent
insertion and duplication generate networks of transposable element
sequences in the Drosophila melanogaster genome. Genome Biol.
2006;7:R112.

Wicker T, Sabot F, Hua-Van A, Bennetzen JL, Capy P, Chalhoub B, Flavell A,
Leroy P, Morgante M, Panaud O, et al. A unified classification system for
eukaryotic transposable elements. Nat Rev Genet. 2007,8:973-82.

Slotkin RK, Martienssen R. Transposable elements and the epigenetic
regulation of the genome. Nat Rev Genet. 2007,8:272-85.

Malone CD, Hannon GJ. Small RNAs as guardians of the genome. Cell.
2009;136(4):656-68.

Levin HL, Moran JV. Dynamic interactions between transposable elements
and their hosts. Nature Rev Genet. 2011;12:615-27.

Wheeler BS. Small RNAs, big impact: small RNA pathways in transposon
control and their effect on the host stress response. Chromosome Res.
2013;21:587-600.

Obbard DJ, Gordon KHJ, Buck AH, Jiggins FM. The evolution of RNAI as a
defence against viruses and transposable elements. Phil Trans R Soc B.
2009;364:99-115.

Kazazian Jr HH. Mobile elements: drivers of genome evolution. Science.
2004;303:1626-32.

Biémont C, Vieira C. Junk DNA as an evolutionary force. Nature. 2006:443:521-4.
Oliver KR, Greene WK. Transposable elements: powerful facilitators of
evolution. Bioessays. 2009;31:703-14.

Gogvadze E, Buzdin A. Retroelements and their impact on genome
evolution and functioning. Cell Mol Life Sci. 2009,66:3727-42.

Casacuberta E, Gonzéles J. The impact of transposable elements in
environmental adaptation. Mol Ecol. 2013;22:1503-17.

Feschotte C. Transposable elements and the evolution of regulatory
networks. Nat Rev Genet. 2008;9:397-405.

Cowley M, Oakey RJ. Transposable elements re-wire and fine-tune the
transcriptome. PLoS Genet. 2013;9(1):e1003234.

Jordan IK, Rogozin IB, Glazko GV, Koonin EV. Origin of a substantial fraction
of human regulatory sequences from transposable elements. Trends Genet.
2003;19:68-72.

Volff JN. Turning junk into gold: domestication of transposable elements
and the creation of new genes in eukaryotes. BioEssays. 2006,28:913-22.
Lonnig W-E, Saedler H. Chromosome rearrangements and transposable
elements. Annu Rev Genet. 2002;36:389-410.

Schmidt JM, Good RT, Appleton B, Sherrard J, Raymant GC, Bogwitz MR,
Martin J, Daborn PJ, Goddard ME, Batterham P, Robin C. Copy number
variation and transposable elements feature in recent, ongoing adaptation
at the Cyp6gT locus. PLos Genet. 2010,6(6):21000998.

Maumus F, Fiston-Lavier A, Quesneville H. Impact of transposable elements
on insect genomes and biology. Curr Opin Insect Sci. 2015;7:30-6.

Lisch D. How important are transposons for plant evolution? Nature Rev
Genet. 2013;14:49-61.

Kapitonov W, Jurka J. Helitrons on a roll: eukaryotic rolling-circle
transposons. Trends Genet. 2007;23(10):521-9.

Rebollo R, Horard B, Hubert B, Vieira C. Jumping genes and epigenetics:
towards new species. Gene. 2010;454:1-7.

Hua-Van A, Le Rouzic A, Boutin TS, Filée J, Capy P. The struggle for life of
the genome’s selfish architects. Biol Direct. 2011;6:19.

Belyayev A. Bursts of transposable elements as an evolutionary driving force.
J Evol Biol. 2014;27(12):2573-84.

Arnault C, Dufournel I. Genome and stresses: reactions against aggressions,
behavior of transposable elements. Genetica. 1994;93:149-60.



Craddock Biology Direct (2016) 11:44

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

104.

105.

106.
107.

109.

Capy P, Gasperi G, Biémont C, Bazin C. Stress and transposable elements:
co-evolution or useful parasites? Heredity. 2000;85:101-6.

Vasil'eva LA, Antonenko OV, Zakharov IK. Role of transposable elements in
the genome of Drosophila melanogaster. Russian J Genetics: Appl Res.
2011;1(6):463-88.

Garcia Guerreiro MP. What makes transposable elements move in the
Drosophila genome? Heredity. 2012;108:461-8.

Wessler SR. Turned on by stress, plant retrotransposons. Curr Biol.
1996,6:959-61.

Grandbastien M-A. Activation of plant retrotransposons under stress
conditions. Trends Plant Sci. 1998;3(5):181-7.

Kapitonov W, Jurka J. Molecular paleontology of transposable elements in the
Drosophila melanogaster genome. Proc Natl Acad Sci USA. 2003;100:6569-74.
Kaidanov LZ, Bolshakov VN, Tzygvintzev PN, et al. The source of genetic
variability in highly inbred long-term selected strains of Drosophila
melanogaster. Genetika. 1991;85:73-8.

Ratner VA, Vasil'eva LA. Induction of transposition and excision of mobile
genetic elements in Drosophila during isogenization. Genetika. 1996;32:933-44.
O'Neill RIW, O'Neill MJ, Marshall Graves JA. Undermethylation associated
with retroelement activation and chromosome remodeling in an
interspecific mammalian hybrid. Nature. 1998,393:68-72.

Michalak P. An eruption of mobile elements in genomes of hybrid
sunflowers. Heredity. 2010;104:329-30.

Vela D, Fontdevila A, Vieira C, Garcia Guerreiro MP. A genome-wide survey
of genetic instability by transposition in Drosophila hybrids. PLos One.
2014,9(2):e88992.

Zabanov SA, Vasil'eva LA, Ratner VA. Multiple inductions of transpositions of
mobile genetic element B104 in Drosophila with severe heat shock.
Genetika. 1994;30:218-24.

Vasilyeva LA, Bubenshchikova EV, Ratner VA. Heavy heat shock induced
retrotransposon transposition in Drosophila. Genet Res Camb. 1999;74:111-9.
Giorgi G, Marcantonio P, Del Re B. LINE-1 retrotransposition in human
neuroblastoma cells is affected by oxidative stress. Cell Tissue Res.
2011;346:383-91.

Gonzélez J, Petrov DA. The adaptive role of transposable elements in the
Drosophila genome. Gene. 2009;448:124-33.

Chenais B, Caruso A, Hiard S, Casse N. The impact of transposable elements
on eukaryotic genomes: From genome size increase to genetic adaptation
to stressful environments. Gene. 2012;509:7-15.

Guio L, Barron MG, Gonzélez J. The transposable element Bari-Jheh mediates
oxidative stress response in Drosophila. Molec Ecol. 2014;23:2020-30.

van't Hof AE, Campagne P, Rigden DJ, Yung CJ, Lingley J, Quail MA, Hall N,
Darby AC, Saccheri IJ. The industrial melanism mutation in British peppered
moths is a transposable element. Nature. 2016;534:102-5.

Schmidt AL, Anderson LM. Repetitive DNA elements as mediators of
genomic change in response to environmental cues. Biol Reviews of the
Cambridge Philosophical Soc. 2006,81:531-43.

Carson HL, Clague DA. Geology and biogeography. In: Wagner WL, Funk VA,
editors. Hawaiian biogeography: evolution on a hot spot archipelago.
Washington: Smithsonian Institution Press; 1995. p. 14-29.

. Charlesworth D, Willis JH. The genetics of inbreeding depression. Nature

Reviews Genet. 2009;10:783-96.

. Dlugosch KM, Parker IM. Founding events in species invasions: genetic

variation, adaptive evolution, and the role of multiple introductions. Mol
Ecol. 2008;17:431-49.

Carson HL, Lockwood JP, Craddock EM. Extinction and recolonization of local
populations on a growing shield volcano. Proc Natl Acad Sci USA. 1990,87:7055-7.
Vandergast AG, Gillespie RG, Roderick GK. Influence of volcanic activity on
the population genetic structure of Hawaiian Tetragnatha spiders:
fragmentation, rapid population growth and the potential for accelerated
evolution. Mol Ecol. 2004;13:1729-43.

Lindquist S, Craig EA. The heat shock proteins. Annu Rev Genet. 1988,22:631-77.
Uy KL, LeDuc R, Ganote C, Price DK. Physiological effects of heat stress on
Hawaiian picture-wing Drosophila: genome-wide expression patterns and
stress-related traits. Conservation Physiol. 2015;3:1-14.

. Ratner VA, Zabanov SA, Kolesnikova OV, Vasilyeva LA. Induction of the

mobile genetic element DM-412 transpositions in the Drosophila genome
by heat shock treatment. Proc Natl Acad Sci USA. 1992;89:5650-4.

Maside X, Bartolomé C, Charlesworth B. S-element insertions are associated
with the evolution of the Hsp70 genes in Drosophila melanogaster. Curr Biol.
2002;12:1686-91.

110.

111

112.

114.

116.

117.

118.

119.

121.

129.

132.

134.

135.

Page 14 of 15

Walser J-C, Chen B, Feder ME. Heat-shock promoters: Targets for evolution
by P transposable elements in Drosophila. PLoS Genet. 2006;2(10):e165.
Chen B, Walser J-C, Rodgers TH, Sobota RS, Burke MK, Rose MR, Feder
ME. Abundant, diverse, and consequential P elements segregate in promoters
of small heat-shock genes in Drosophila populations. J Evol Biol.
2007;20:2056-66.

Pecinka A, Dinh HQ, Baubec T, Rosa M, Lettner N, Scheid OM. Epigenetic
regulation of repetitive elements is attenuated by prolonged heat stress in
Arabidopsis. The Plant Cell. 2010,22:3118-29.

. Badre NH, Martin ME, Cooper RL. The physiological and behavioral effects of

carbon dioxide on Drosophila melanogaster larvae. Comp Biochem Physiol
Part A. 2005;140:363-76.

Whelan J, Burke B, Rice A, Tong M, Kuebler D. Sensitivity to seizure-like
activity in Drosophila following acute hypoxia and hypercapnia. Brain Res.
2010;1316:120-8.

. Lushchak VI, Bagnyukova TV. Hypoxia induces oxidative stress in tissues

of a goby, the rotan Perccottus glenii. Comp Biochem Physiol Part B.
2007;148:390-7.

Jurka J, Bao W, Kojima KK. Families of transposable elements, population
structure and the origin of species. Biol Direct. 2011;6:44.

Lynch M. The origins of genome architecture. Sunderland: Sinauer Assoc
Inc; 2007.

Lynch M. The frailty of adaptive hypotheses for the origins of organismal
complexity. Proc Natl Acad Sci USA. 2007;104 Suppl 1:8597-604.

Baldwin BG, Robichaux RH. Historical biogeography and ecology of the
Hawaiian silversword alliance (Asteraceae) New molecular phylogenetic
perspectives. In: Wagner WL, Funk VA, editors. Hawaiian biogeography:
Evolution on a hot spot archipelago. Washington: Smithsonian Institution
Press; 1995. p. 259-87.

. O'Grady PM, Magnacca KN, Lapoint RT. Taxonomic relationships within the

endemic Hawaiian Drosophilidae (Insecta: Diptera). Bishop Museum
Occasional Papers. 2010;108:1-34.

Shaw KL. Sequential radiations and patterns of speciation in the Hawaiian
cricket genus Laupala inferred from DNA sequences. Evolution.
1996;50(1):237-55.

. Spieth HT. Behavioral biology and evolution of the Hawaiian picture-winged

species group of Drosophila. Evol Biol. 1982;14:351-437.

. Hoy RR, Hoikkala A, Kaneshiro K. Hawaiian courtship songs: evolutionary

innovation in communication signals of Drosophila. Science. 1988,240:217-9.

. Whittaker RJ, Triantis KA, Ladle RJ. A general dynamic theory of oceanic

island biogeography. J Biogeography. 2008,35:977-94.

. Baldwin BG, Sanderson MJ. Age and rate of diversification of the Hawaiian

silversword alliance (Compositae). Proc Natl Acad Sci USA. 1998,95:9402-6.

. Barrier M, Robichaux RH, Purugganan MD. Accelerated regulatory gene

evolution in an adaptive radiation. Proc Natl Acad Sci USA. 2001;98:10208-13.

. Mendelson TC, Shaw KL. Rapid speciation in an arthropod. Nature. 2005;433:

375-6.

. Carson HL, Yoon JS. Genetics and evolution of Hawaiian Drosophila. In:

Ashburner M, Carson HL, Thompson Jr JN, editors. The genetics and biology
of Drosophila, Vol 3b. London: Academic Press Inc; 1982. p. 297-344.
Wasserman M. Cytological evolution of the Drosophila repleta species group.
In: Krimbas CB, Powell JR, editors. Drosophila inversion polymorphism.
Boca Raton: CRC Press, Inc; 1992. p. 455-552.

. Oliveira DCSG, Almeida FC, O'Grady PM, Miguel A, Armella MA, DeSalle R,

Etges WJ. Monophyly, divergence times, and evolution of host plant use
inferred from a revised phylogeny of the Drosophila repleta species group.
Mol Phyl Evol. 2012;,64:533-44.

. Craddock EM, Carson HL. Chromosomal inversion patterning and

population differentiation in a young insular species, Drosophila silvestris.
Proc Natl Acad Sci USA. 1989,86:4798-802.

Craddock EM, Johnson WE. Genetic variation in Hawaiian Drosophila. V.
Chromosomal and allozymic diversity in Drosophila silvestris and its
homosequential species. Evolution. 1979;33:137-55.

. Carson HL, Craddock EM. Chromosomal inversion polymorphism in two

marginal populations of the endemic Hawaiian species, Drosophila silvestris.
Génétique, Séléction & Evolution. 1995,27:481-90.

Moore JG, Clague DA. Volcano growth and evolution of the island of
Hawaii. Geol Soc Amer Bull. 1992;104:1471-84.

Carson HL, Bryant PJ. Change in a secondary sexual character as evidence
of incipient speciation in Drosophila silvestris. Proc Natl Acad Sci USA.
1979;76:1929-32.



Craddock Biology Direct (2016) 11:44

136.

137.

138.

139.

140.

141,

142.

143.

144.

145.

146.

147.

148.

149.

150.

152.

153.

154.

155.

156.

157.

158.

159.

Carson HL, Wisotzkey RG. Increase in genetic variance following a
population bottleneck. Amer Nat. 1989;134(4):668-73.

Clayton FE. The role of heterochromatin in karyotype variation among
Hawaiian picture-winged Drosophila. Pacif Sci. 1988;42:28-47.

Craddock EM, Gall JG, Jonas M. Hawaiian Drosophila genomes: size variation
and evolutionary expansions. Genetica. 2016;144(1):107-24.

Kidwell MG. Transposable elements and the evolution of genome size in
eukaryotes. Genetica. 2002;115:49-63.

Gregory TR, Johnston JS. Genome size diversity in the family Drosophilidae.
Heredity. 2008;101:228-38.

Gregory TR. Animal Genome Size Database, Release 2.0, 2016. http://www.
genomesize.com. (Accessed 25 Apr 2016).

Pritham EJ, Feschotte C. Massive amplification of rolling-circle transposons
in the lineage of the bat Myotis lucifugus. Proc Natl Acad Sci USA.
2007;104:1895-900.

Yang H-P, Barbash DA. Abundant and species-specific DINE-1 transposable
elements in 12 Drosophila genomes. Genome Biol. 2008;9:R39.

Kapitonov W, Jurka J. Rolling circle transposons in eukaryotes. Proc Natl
Acad Sci USA. 2001;98(15):8714-9.

Yang HP, Hung TL, You TL, Yang TH. Genomewide comparative analysis of
the highly abundant transposable element DINE-1 suggests a recent
transpositional burst in Drosophila yakuba. Genetics. 2006;173:189-96.
Levasseur A, Pontarotti P. The role of duplications in the evolution of
genomes highlights the need for evolutionary-based approaches in
comparative genomics. Biol Direct. 2011;6:11.

Hunt JA, Bishop Il JG, Carson HL. Chromosomal mapping of a middle-repetitive
DNA sequence in a cluster of five species of Hawaiian Drosophila. Proc Natl
Acad Sci USA. 1984;81:7146-50.

Wisotzkey RG, Felger |, Hunt JA. Biogeographic analysis of the Uhu and LOA
elements in the Hawaiian Drosophila. Chromosoma. 1997;106:465-77.
Brezinsky L, Humphreys TD, Hunt JA. Evolution of the transposable element
Uhu in five species of Hawaiian Drosophila. Genetica. 1992,86:21-35.

Van den Broeck D, Maes T, Sauer M, Zethof J, De Keukeleire P, D'Hauw M,
Van M, Gerats T. Transposon display identifies individual transposable
elements in high copy number lines. Plant J. 1998;13(1):121-9.

. Xing J, Witherspoon DJ, Jorde LB. Mobile element biology: new possibilities

with high-throughput sequencing. Trends Genet. 2013;29(5):280-9.

Le QH, Wright S, Yu Z, Bureau T. Transposon diversity in Arabidopsis
thaliana. Proc Natl Acad Sci USA. 2000,97:7376-81.

Hollister JD, Gaut BS. Population and evolutionary dynamics of Helitron
transposable elements in Arabidopsis thaliana. Mol Biol Evol. 2007,24(11):2515-24.
Wijayawardena BK, DeWoody JA, Minchella DJ. The genomic proliferation of
transposable elements in colonizing populations: Schistosoma mansoni in
the new world. Genetica. 2015;143:287-98.

Naito K, Cho E, Yang G, Campbell MA, Yano K, Okumoto Y, Tanisaka T,
Wessler SR. Dramatic amplification of a rice transposable element during
recent domestication. Proc Natl Acad Sci USA. 2006;103:17620-5.
Kristensen TN, Sgrensen P, Pedersen KS, Kruhgffer M, Loeschcke V.
Inbreeding by environmental interactions affect gene expression in
Drosophila melanogaster. Genetics. 2006;173:1329-36.

Price JP, Wagner WL. Speciation in Hawaiian angiosperm lineages: cause,
consequence and mode. Evolution. 2004;58(10):2185-200.

Tarr CL, Fleischer RC. Evolutionary relationships of the Hawaiian
honeycreepers. In: Wagner WL, Funk VA, editors. Hawaiian biogeography:
Evolution on a hot spot archipelago. Washington: Smithsonian Institution
Press; 1995. p. 147-59.

Lovette IJ, Bermingham E, Ricklefs RE. Clade-specific morphological
diversification and adaptive radiation in Hawaiian songbirds. Proc Roy Soc
Lond B. 2002;269:37-42.

Page 15 of 15

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



http://www.genomesize.com
http://www.genomesize.com

	Abstract
	Background
	Presentation of the hypothesis
	Testing the hypothesis
	Implications of the hypothesis
	Reviewers

	Background
	Presentation of the hypothesis
	Founder populations in volcanic habitats are subject to genomic stress

	Bursts of transposition induced by genomic stress in volcanic environments lead to genetic reorganization and accelerated divergence and speciation
	Testing the hypothesis
	Some predicted outcomes of the hypothesis and pertinent available data
	Species richness and rates of evolution on volcanic islands
	Rates of chromosomal rearrangement, and chromosomal length polymorphism
	Increased genome sizes
	Higher TE copy numbers in derived members of a lineage

	Proposed experimental studies
	Methods to assay TE copy numbers and distributions
	Proposed experiments

	Implications of the hypothesis

	Reviewers' comments
	Reviewer's report 1: James A. Shapiro, University of Chicago, USA (nominated by Editorial Board member I. King Jordan, Georgia Institute of Technology, USA)
	Reviewer's report 2: Wolfgang Miller, Medical University of Vienna, Austria (nominated by Editorial Board member I. King Jordan, Georgia Institute of Technology, USA)

	Acknowledgements
	Author’s contributions
	Author’s information
	Competing interests
	References

